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Membrane-based gas separation technologies have attracted great interest because of their 
potential to improve separation performance, lower energy and capital costs, reduce the equipment 
size, minimize the environmental footprint, and provide easier operation. The performance of gas 
separation membranes, which can be characterized in terms of permeability and selectivity, is 
primarily dependent on the physical and chemical properties of the membrane materials. The 
performance of membrane based separation technologies is limited by several factors, including 
the minimum thickness of the membrane (to maximize the flux), the maximum achievable 
selectivity, and their robustness at higher temperatures and pressures or under corrosive and 
reactive conditions. Among the emerging membrane materials, graphene oxide (GO) is a 
promising material that can dramatically enhance the gas separation performance of the membrane 
technology beyond the limits of conventional membrane materials in terms of both permeability 
and selectivity. This performance enhancement is due to the ultimate thinness, superior mechanical 
strength, large surface area, and unique two-dimensional layered structure of GO. Monolayer GO 
can be engineered in several ways to form ultrathin layered GO membranes with a narrow pore 
size distribution. Graphene oxide membranes can allow extremely high fluxes because of their 
ultimate thinness and unique layered structure. In addition, the high selectivity is due to the 
molecular sieving or diffusion effect resulting from their narrow pore size distribution or their 
unique surface chemistry.  
Graphene oxide membranes can be prepared in several forms: as supported, self-standing, 
and nanocomposite materials. Self-standing GO membranes show promising selectivity with 
higher permeability because of the ultimate thinness of the membrane. However, supported GO 
membranes are more mechanically robust and may be better options for practical separation 
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conditions. In this research, we have developed a facile preparation method of fabricating 
supported ultra-thin GO membrane and thin self-standing GO membrane. First, to achieve a better 
exfoliation of the graphene-oxide, we have adopted several approaches, such as using surfactants 
with GO solution, optimizing sonication and centrifugation parameters, etc. We have observed 
that the size of the GO particle (lateral dimension of exfoliated GO flake) greatly influences the 
formation of the membrane and hence impacts the gas separation characteristics of the GO 
membrane. Furthermore, we have developed a facile preparation of ultra-thin supported GO-PES 
membrane, which can block the transport of almost all the gas particle through the membrane. To 
achieve selectivity toward target gas, selective pores are developed in the completely stacked 
graphene-oxide chain by vacuum-drying, heating, or partial reduction of the graphene-oxide. The 
effect of moisture content in the structural integrity of the membrane is also realized with several 
controlled drying approaches of the ultra-thin membranes. Finally, the hydrocarbon (methane, 
propane, and butane) mixture separation performance of the GO membranes is evaluated by 
analyzing the gas mixture composition in both feed and permeate side using gas chromatography. 
We have characterized the gas separation performance for thin GO-PES, self-standing GO, ultra-
thin GO-PES, reduced GO-PES membranes. Moreover, aside from understanding the transport 
mechanism through the interlayer spaces of GO membrane, we have analyzed the compared 
performances of different types of GO membranes to separate a hydrocarbon gas mixture of 
methane, propane, and butane. In all the membranes, two different mechanisms of hydrocarbon 
gas separation are observed, adsorption-desorption based and molecular sieving based, depending 
on the pressure difference between the feed and permeate side of the GO membrane. Because of 
its thick support material, very thin GO membrane layer, and controllable interlayer spacing, the 
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ultra-thin GO-PES gas separation membranes are simultaneously robust, highly permeable, and 
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CHAPTER 1: INTRODUCTION 
 
1.1. Potential of Two-Dimensional Nanomaterials for Membrane Applications 
Among the available gas separation technologies, membrane technologies have attracted 
great interest because of their potential to improve separation performance, lower energy and 
capital costs, reduce the equipment size, minimize the environmental footprint, and provide easier 
operation. At present, high-performance gas separation membranes are critical to several industrial 
applications, including oxygen production, post-combustion carbon capture, natural gas 
purification, and synthesis gas (syngas) processing. The performance of gas separation 
membranes, which can be characterized in terms of permeability and selectivity, is primarily 
dependent on the physical and chemical properties of the membrane materials [1-7]. Permeability 
is the ability of the membrane to allow transport of gas molecules, whereas selectivity is the ability 
of the membrane to selectively transport of desired molecules. The ideal gas separation membrane 
will have a very high permeability as well as a very high selectivity toward different gases.  
The permeability and selectivity of the membranes depend on the physical and chemical 
characteristics of the membrane materials. The performance of membrane based separation 
technologies is limited by several factors, including the minimum thickness of the membrane (to 
maximize the flux), the maximum achievable selectivity, and their robustness at higher 
temperatures and pressures or under corrosive and reactive conditions. The bounds of performance 
are governed by the Robeson limit [8], which states that the permeability of synthetic membranes 
must be sacrificed to obtain higher selectivity, which limits the performance of these membranes 
in gas separation applications. Polymer-based membrane technologies and nanoporous membranes 
based on inorganic materials such as silica, zeolites, metal–organic frameworks (MOF), and 
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perovskites have been developed to provide selective gas separation performance with a 
reasonable amount of permeability  However, researchers have continued to improve the 
performance of existing membrane materials with recent work aimed at developing new membrane 
materials that will enhance the gas separation performance beyond the present limits.  
Carbon based nanomaterials have attracted significant interest to be used as a membrane 
materials due to their remarkable mechanical properties, biocompatibility, and environmental 
friendly properties. Several researchers have explored the candidacy of carbon nanotubes (CNTs) 
as next generation membrane material due to their excellent mechanical properties as well as 
uniquely hollow open-ended structure [9-10]. But it is challenging to fabricate dense vertically 
aligned CNT arrays with low defects. Diamond, containing crystalline sp3-hydridized carbon 
atoms, is another candidate membrane material. But it is not suitable for large-scale industry 
application because of the large energy consumption and the high cost involved in the preparation 
of this material. Hence, there exists an urgent need for a high-performance membrane material, 
which can provide economic and practical solution to be used in the large-scale industrial 
applications. 
Graphene and its derivatives are promising materials for the development of a new 
generation of membranes, mainly because of their ultimate thinness, scalable two-dimensional (2-
D) nature, and excellent membrane formation capabilities [7,11-14]. Graphene without any 
structural defects does not allow the transport of even small gas molecules through its surface [15]. 
Therefore, graphene materials must be made porous for use in membrane separation which can be 
accomplished by a combination of two approaches. In the first approach, nanoscale pores can be 
created in the graphene surface by laser/ion beam [16] drilling or plasma oxidation [17] to obtain 
a molecular sieving effect (Fig. 1.1a). This sieving effect can also be achieved, in combination 
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with pore patterning or on its own, by stacking ultrathin flakes of graphene allowing gas to 
transport through the interlayer spaces (Fig. 1.1b). Unfortunately, the fabrication of nanopores with 
precise diameters over a graphene layer is a difficult task and randomly stacked graphene films 
also have very small average interlayer spacing (~0.355 nm), which is not favorable for gas 
molecules transport [2].  
In contrast, the interlayer spacing (Fig. 1.1b) of a stacked graphene-oxide film (interlayer 
spacing of ~0.6–1.2 nm) is much larger than that of graphene, which makes it a better candidate 
for gas separation applications. Graphene-oxide (GO), an atomically thin monolayer of graphite 
oxide, is a corrugated [18] 2-D carbon sheet containing various oxygenated functional groups on 
its basal planes and at its edges (Fig. 1.2). The thickness of monolayer GO is approximately 1 nm 
with lateral dimension varying from a few nanometers to several micrometers depending on 
processing. Unlike graphene, GO is functionalized with bulky oxygen-containing groups, which 
results in a higher interlayer spacing (~0.6–1.0 nm) of a stacked GO film. GOs unique combination 
of layer thinness and optimized interlayer spacing allows GO to serve as a functional material with 
high selectivity and rapid permeation in gas separation applications. The atomically thin GO with 
excellent membrane formation capabilities have introduced a new realm of membrane science 




Fig. 1.1. Two distinct approaches to use graphene‐based materials as selective membrane: (a) 
porous graphene and (b) layered GO membrane. Adapted from [7] 
 
 
Fig. 1.2. Structure mode of graphene oxide. Adapted from [19]. 
More recently, researchers devoted a significant effort to develop gas separation 
membranes using graphene-oxide. Kim et al. [2] developed a few layered graphene-oxide 
membrane to achieve a high selectivity between carbon dioxide and nitrogen, where CO2 
permeance through the membrane is enhanced because of the presence of water molecule in the 
interlayer spacing of GO stacking. Li et al. [3] prepared an ultra-thin graphene-oxide membrane 
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to selectively separate hydrogen from mixtures of hydrogen/carbon dioxide and 
hydrogen/nitrogen, where the interlayer spacing of GO flakes creates a molecular-sieving effect 
and hence separates gas molecules with larger kinetic diameters. Separation of methane from a 
hydrocarbon gas mixture (methane/propane/butane) is important in petroleum refining and natural 
gas processing industry. Because the chemical properties and kinetic diameters of these gases are 
similar, it is very challenging to develop a membrane which can selectively separate methane from 
the hydrocarbon mixture with a high permeability through the membrane. 
Motivated by these research trends, this thesis is focused on developing a gas separation 
membrane using graphene-oxide to selectively separate methane from a gas mixture of methane, 
propane, and butane. First, we developed a facile preparation method of graphene-oxide membrane 
for hydrocarbon mixture gas separation application. This research further expanded to understand 
the fundamental mechanism of gas transport through the GO membrane. Moreover, this thesis 
explored how water molecules play as an integral structural component while GO flakes are 
stacked together to form a membrane. 
 




1.2. Overview of the Thesis: 
This thesis discusses the development of a facile preparation method of fabricating 
supported ultra-thin GO membrane and thin self-standing GO membrane for hydrocarbon gas 
mixture separation application. Aside from understanding the gas molecules transport mechanism 
through the GO membranes, we have characterized the hydrocarbon gas mixture separation 
performance of the membranes. First, Chapter-2 discusses the recent advances in the application 
of graphene-oxide membranes for gas separation application. Depending on the applications, there 
are several approaches of developing graphene-oxide based membranes, such as supported GO 
membrane, self-standing GO membrane, mixed matrix membranes, etc. Supported GO membranes 
provide the potential of enhancing membrane performance beyond upper bounds (Robenson limit 
[9]) of existing polymer based membranes [1-2, 20]. Unlike self-standing membranes, supported 
GO membranes can be prepared with ultimate thinness on a porous polymeric or metallic substrate. 
Ultra-thin GO layers of a supported GO membrane can ensure very high selectivity because of the 
slit-like interlayer spacing as well as very high permeability because of the thinness of the GO 
membrane. Moreover, supported GO membranes are more robust compared to the self-standing 
GO membranes. For some membrane applications, both the selectivity-permeability of a polymeric 
membrane and the adsorption-desorption capabilities of nanomaterials are required. Mixed matrix 
membranes, where nanomaterials (or porous inorganic materials) are added to the polymer phase, 
exhibit synergetic effects between the polymers and the nanomaterials [20-23 27, 29, 20, 40].  
Chapter 3 expands the discussion on developing strategies towards the facile fabrication of 
supported graphene-oxide membrane on polyethersulfone substrate (GO-PES) to be used for gas 
separation application. We have fabricated the supported GO membranes using filtration method, 
pressure-assisted filtration and vacuum filtration. Characterization of the GO flake size using SEM 
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and laser particle size analyzer shows that the assembly of the GO flakes while forming a 
membrane greatly depends on the average size of the GO flakes (lateral dimensions). The 
advantage of this finding is used to develop the fabrication strategy of an ultra-thin supported GO 
membrane, which can completely block the transport of almost all the gas molecules through the 
GO membrane. Selective pores in the ultra-thin GO membranes can be created by using vacuum 
drying treatment and controlled heating of the membrane. This observation along with further 
experimental validation lead us to understand that moisture content act as an integral structural 
component of GO membrane clustering the GO flakes to bring compactness to the membrane, 
which blocks the transport of gas molecules through the membrane. Upon the partial removal of 
moisture content by controlled heating or vacuum drying, partially porous membranes can be 
obtained, which enhances the selectivity of the membrane toward smaller hydrocarbon gas 
molecules.  
Controlling the interlayer spacing of GO layers is vital while developing a gas separation 
membrane to selectively separate a target gas from a gas mixture. Several approaches have been 
adopted in this work to control the interlayer spacing of the GO layers in the GO-PES membrane, 
such as thermal reduction of graphite oxide powder prior to the exfoliation to monolayer graphene-
oxide, in-situ chemical reduction of the graphene-oxide solution while preparing the membrane by 
using vacuum filtration, post reduction of the GO-PES membrane with a chemical reagent, etc. 
Moreover, considering the potential application of the hydrocarbon gas separation membrane 
developed in this research, we have investigated the effect of H2S exposure in the structural 
integrity as well as the chemical composition of the membrane. 
Finally, Chapter 4 focuses on characterizing the comparative gas separation performance, 
using a membrane testing setup (Fig. 1.3), of different types of GO membranes, such as supported 
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GO-PES membrane, self-standing GO membrane, ultra-thin GO-PES membrane, reduced GO-
PES membrane, etc. For each experiment, the gas composition from both feed and permeate side 
is analyzed by using gas chromatography. The hydrocarbon (methane, propane, and butane) 
mixture separation performances of different types of GO membranes are evaluated. Two different 
mechanisms of hydrocarbon gas separation are observed, adsorption-desorption based and 
molecular sieving based, depending the pressure difference between the feed and permeate side of 
the GO membrane. 
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CHAPTER 2: REVIEW OF GRAPHENE-OXIDE MEMBRANE 
2.1. Literature Review of Graphene-Oxide Based Gas Separation Membranes 
Commercially available membrane materials, such as conventional polymeric membranes 
and nanoporous membranes, are among the best available materials for gas separation applications, 
but their performance is limited by several factors, including the minimum thickness of the 
membrane (to maximize the flux), the maximum achievable selectivity, and the robustness of the 
membrane at higher temperatures and pressures or under corrosive and reactive conditions. In 
many cases, the performance of existing gas separation membranes is limited because permeability 
is enhanced at the expense of lower selectivity, or selectivity is enhanced by lowering permeability. 
The gas separation performance of GO based membranes has been superior to that of the polymeric 
and nanoporous membranes because of the extraordinary characteristics of GO membranes 
discussed in Chapter-1. Graphene oxide membranes can be prepared in several forms: as 
supported, self-standing, and nanocomposite materials. Self-standing GO membranes show 
promising selectivity with higher permeability because of the ultimate thinness of the membrane. 
However, supported GO membranes are more mechanically robust and may be better options for 
practical separation conditions. Nanocomposite GO membranes (e.g., mixed-metal matrix with 
GO as a nanofiller) may also be considered a practical option for achieving superior permeability 
and selectivity, beyond the upper bounds of existing polymeric and nanoporous membranes. 
In this chapter, I summarize recent advances in GO based membranes for gas separation 
applications. We focus on in-depth critical review of literature reporting the application of different 
types of GO membranes for gas separation applications, such as CO2 separation, H2 separation, 
hydrocarbon gas mixture separation, etc. In the first three sections, we discuss the superior 
performance of GO membranes as reported in state-of-the-art literature for supported, self-
standing, and mixed-matrix GO membranes. In the last section, we review the performance of GO 
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membranes for gas separation applications. Finally, we summarize the main challenges and 
opportunities of emerging GO membrane technologies and provide recommendations for 
developing high-performance GO membranes for gas separation applications.  
2.2. Supported GO membranes 
Supported GO membranes have attracted substantial research interest because of their 
potential for enhancing membrane performance (i.e., permeability and selectivity) beyond the 
upper bounds of existing membranes [1]. Kim et al. [2], by deposition of graphene or GO 
nanosheets on a poly(1-methylsilyl-1-propyne) (PTMSP) polymer, prepared graphene- or GO-
supported membranes for gas separation. The primary pathways for gas transport in the layered 
graphene membrane are the defects formed during the growth of chemical vapor deposition or the 
wrinkles and ripples formed during the transfer of graphene film onto the polymer substrate. 
According to the study of Kim et al. [2], gas permeability through the graphene membrane is 
inversely related to the number of graphene layers deposited because of the formation of slit-like 
interlayer spacing, similar to that of carbon molecular sieve membranes. For example, the O2/N2 
selectivity increased from 1.5 (PTMSP) to 6 (PTMSP with five interlocked graphene layers), 
whereas the O2 permeability decreased from 730 to 29 barrer (1 barrer = 10
10 cm3cm/cm2scmHg 
at standard temperature and pressure). In addition to preparing a PTMSP-supported membrane 
with stacked graphene layers, Kim et al. [2] prepared membranes with stacked GO layers (over a 
polyethersulfone support) with significantly larger interlayer spacing (0.6 to 1.0 nm, with the 
presence of a water molecule) compared with that of randomly stacked (0.355 nm) graphene layers. 
Graphene oxide is not completely 2-D, which results in nonuniform stacking of the GO layers and 
hence larger interlayer spacing. In a dry state, GO films are not permeable to small gases, such as 
H2 and He [3]. Yet because of the hydrophilic nature of GO, caused by the oxygen-containing 
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functional groups, the interlayer spacing of GO sheets increases with the increase in humidity 
resulting from enhanced intercalation of the water molecules. The interlayer spacing between GO 
sheets can be varied by varying the degree of oxidation and the amount of intercalated water, 
which, in turn, allow the diffusion of selective gas molecules smaller than the 2-D nanochannels 
between neighboring GO sheets.  
The degree to which the GO layers interlock affects the dominant gas transport mechanism 
of the GO membranes. Moreover, the method used to prepare a GO membrane over a polymer 
support has a considerable impact on the gas permeability and selectivity of the membrane. For 
instance, gas transport through membranes prepared by the first method of Kim et al. [2] (described 
in section 2) can be explained by Knudsen diffusion of gases in nanoporous membranes, as 
presented in Fig. 2.1a. However, the selectivity of CO2 is significantly different from the value 
predicted by the Knudsen model. This result is likely due to the presence of carboxylic groups at 
the GO edges, which provide a preferential site for CO2 adsorption. The measured permselectivity 
(the preferential permeation of CO2) of H2/CO2 for GO membranes is as high as 30, whereas the 
Knudsen selectivity of H2/CO2 is 4.67. When Kim et al. [2] prepared the GO membrane by direct-
drop spin-casting of a GO solution, they observed a completely different set of behaviors in the 
gas permeance order (CO2 > H2 ≥ He > CH4 > O2 > N2), similar to that of high free-volume glassy 
polymers, as shown in Fig. 2.1b. This method produced membranes with higher selectivity and 
lower permeance, exhibiting different effective diffusion pathways because of the closed-packed 
interlocked GO layer structure formed by the direct-drop spin-casting of the GO solution. Kim et 
al. [2] also observed exceptionally high CO2 permeance (~8,500 barrer), as shown in Fig. 2.1c, for 
ultrathin (<10 nm) GO membranes with a CO2/N2 selectivity of ~20 by increasing the humidity of 
the GO membrane. In addition, they proposed that thermal treatment of ultrathin GO membranes, 
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which creates pores on the basal plane of the GO layer, can result in an extremely high 
permselectivity of 40 H2/CO2 (at ~140 °C), as shown in Fig. 2.1d.  
It is noteworthy that Karunakaran et al. [4] later reported that the extraordinary high 
permeability of CO2 (~8,500 barrer) with a CO2/N2 selectivity of 20 obtained by Kim et al. [2] was 
based on a miscalculation of permeance and thickness of GO-composite membrane. When 
Karunakaran et al. [4] recalculated the calculations of Kim et al., using the correct permeance and 
thickness of the GO membrane, they found a CO2 permeability smaller than 1 barrer. Despite the 
significant importance of the hypothesis proposed by Kim et al. [2] and practical implementation 
of layered GO membranes for selective transport of gases with high permeability, further 
experimental verification of the performance of layered GO membranes over polymer supports is 
necessary to better understand the underlying nature of gas transport by GO membranes. 
Ultrathin GO membranes can provide extremely high flux as well as high selectivity for 
the gas mixture separation [5]. Li et al. [5] reported an 18 nm thick GO membrane over an AAO 
support material with a 20 nm pore size that demonstrated a H2/CO2 selectivity of 3,400, but with 
substantially low CO2 permeance. They showed a performance of ultrathin GO membranes that 
was far above the upper bound of polymeric membranes, as illustrated in Fig. 2.1e. Carbon 
monoxide and CH4 had higher permeance values than did CO2, as shown in Fig. 2.1f, even though 
their molecular size was larger than that of CO2, which is not in agreement with their proposed 
molecular sieving mechanism through 0.289 to 0.33 nm pores. Moreover, Li et al. [5] obtained the 
highest membrane performance in a 9 nm thick membrane instead of a 1.8 nm thin membrane, 
which cannot easily be explained. One remarkable achievement of this work is that the GO 
membrane showed a higher separation selectivity for H2/CO2 and H2/N2, by 1 to 2 orders of 




Fig. 2.1. (a) Gas permeance values of GO membranes as a function of molecular weight (method 
1) under dry and humidified conditions (dashed line represents the ideal Knudsen selectivity) [2]; 
(b) gas permeance values of GO membranes as a function of the kinetic diameter (method 2) under 
dry and humidified conditions [2]; (c) relation between CO2 permeability and CO2/N2 selectivity 
of GO membranes prepared by method 2 under dry and humidified conditions [2]; (d) comparison 
of the gas separation performance between thermally reduced GO membranes and other 
membranes in the literature [2]; (e) comparison of ultrathin GO membranes with polymeric 
membranes and inorganic microporous membranes for H2/CO2 mixture separation: selectivity 
versus H2 permeance (black line denotes the 2008 upper bound of the polymeric membrane for 
H2/CO2) [5]; (f) permeance values of seven molecules through an ~18 nm thick GO membrane 
[5].  
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2.3. Self-standing GO membranes 
Self-standing membranes have significant advantages over supported membranes mainly 
because of their overall small thickness. Kim et al. [2] experimentally obtained the effect of the 
average GO size (300–1,000 nm) on gas permeability in self-standing GO membranes with a 
thickness of ~5 µm. Park et al. [6] reproduced the results of Kim et al. [2] and systematically 
demonstrated (Fig. 2.2a) that the permeability of gases increased significantly with a decrease in 
the average GO size. This GO size dependence was due to the shorter diffusional pathway for 
gases in the smaller sized GO membranes. 
As illustrated in Fig. 2.2a, the permeability of gases followed the order of the kinetic 
diameter of the gases (i.e., He > H2 > CO2 > O2 > N2 > CH4), similar to that of carbon molecular 
sieve membranes. The only exception observed was for the results of the 300 nm-sized GO 
membrane, for which the H2 permeability was slightly higher than the He permeability because of 
the higher solubility coefficient of H2 in porous media compared with He. Moreover, a reduction 
in the average GO size could significantly enhance the overall gas permeability of the membrane 
and reduce the required transmembrane pressure (i.e., the pressure difference between the feed and 
permeate side), as shown in Fig. 2.2b. Recently, Bouša et al. [7] reported the performance of a 
self-standing GO membrane that was capable of high selectivity and permeability for H2 separation 
from CO2 and alkanes. The 15–20 µm thick GO membranes, which were defect free and 
mechanically stable, exhibited a H2/CO2 selectivity of 3.55 with a very high permeability of 685 
barrer, as illustrated in Fig. 2.2c [7]. This work provided additional evidence validating the concept 
of self-standing GO membranes. However, further research is needed to reproduce the data 
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reported in the literature and to develop GO membranes with even higher performance to meet 
practical operational conditions.  
 
Fig. 2.2. (a) Gas permeability of thick GO membranes with different GO platelet sizes [6]; (b) H2 
permeance of thin GO-coated microporous membranes as a function of the feed pressure 
applied[6]; (c) permeability–selectivity Robeson diagrams for the gas pair H2/CO2 [7].  
 
2.4. GO-Based Mixed-Matrix Membranes 
To overcome the tradeoff between selectivity and permeability in polymeric membranes, 
nanomaterials with desired adsorption selectivities have been added to the polymer phase (or a 
porous inorganic material) to obtain MMM materials, which often exhibit synergetic effects 
between the polymers and nanomaterials. Between the thick and thin film (selectivity layer 
thickness of <100 nm) membranes, thin film composites are more promising and practical for 
enhancing membrane performance. Previously, nanomaterials, including zeolites, carbon 
nanotubes, silicas, and MOF, have been considered when developing MMM materials for different 
applications. Because of the ultimate thinness and selective membrane performance, 2-D 
nanomaterial GO can be regarded as a promising nanofiller for different polymer membranes. To 
enhance the gas separation performance of PEI, Yang et al. [8] used alternatively deposited GO 
 
                            (a)                                            (b)                                            (c) 
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layers with branched PEI. They employed LBL assembly, as discussed in section 2, to alternately 
deposit a PEI polymer and GO nanoparticle onto a PET [poly(ethylene terephthalate)] substrate, 
which ensured a perfectly oriented nanobrick wall structure between the polymer and the GO. For 
oxygen permeability, a thin film composite of PEI and GO performed 5 or more orders of 
magnitude better than did traditional thick film composites. Moreover, PEI/GO films reduced the 
CO2 transmission rate by more than an order of magnitude, which provided a selectivity of H2/CO2 
greater than 383. This enhanced gas barrier performance is due to the super tortuosity and diffusion 
length of gas molecules caused by the tightly packed nanobrick wall structure.  
Several facile MMM fabrication methods are available for gas separation applications. 
Karunakaran et al. [4] prepared GO nanocomposite membranes by embedding GO in a PEO-PBT 
[poly(ethyleneoxide)-poly(butylene terephthalate)] copolymer for practical CO2 capture. The GO 
content in a PEO-PBT [poly(ethylene oxide)-poly(butylene terephthalate)] polymer was varied 
from 0.025 to 0.5 wt%, and the gas permeability values were observed to decrease with an increase 
in the GO content because of the high aspect ratio of the GO. The authors obtained a critical GO 
content (0.065 wt%) in which the CO2/N2 selectivity increased sharply (from 52 for PEO-PBT to 
73 for PEO-PBT/GO) because the effect of the enhanced CO2 sorption capacity of the GO sheets 
was dominant over the reduction in gas diffusion as a result of the high aspect ratio of the GO 
sheets. Compared to the low GO content (0.025 to 0.5 wt%) reported in the membranes by 
Karunakaran et al. [4], Ha et al. [9] obtained a sharp increase in gas selectivity by using a relatively 
high GO content (1 to 8 wt%) in a poly(dimethylsiloxane) (PDMS)/GO composite membrane. The 
CO2/N2 selectivity for their membranes reached up to 24 at the maximum GO content of 8 wt% 
because of the enhanced selectivity of diffusion into the added GO sheets, as illustrated in Fig. 
2.3a, where the membrane performance of PDMS/GO is compared with data from several studies 
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in the literature. Even with a very high selectivity (24), the permeability of the membrane produced 
by Ha et al. [9] was considerably lower than 1,000 GPU. The practical requirement for post-
combustion carbon capture is a CO2/N2 selectivity of 20 with a CO2 gas permeance of 1,000 GPU.  
To overcome this limitation, Heo et al. [10] recently proposed a multilayer membrane 
development concept to prepare multilayer poly(diallyldimethylammonium chloride) 
(PDAC)/polystyrene sulfonate (PSS)/GO membranes that have a CO2/N2 selectivity of 15.2 and a 
CO2 gas permeance of 1,175 GPU. For 20.5 and 40.5 bilayers of GO, they reported permeability 
values of 192,456 and 178,205 barrer, which exceeds the upper bound limit of a membrane 
predicted by Robeson [1], as shown in Fig. 2.3b. Moreover, the polyelectrolyte layer of PDAC/PSS 
improved the selectivity of CO2/N2 because the amine groups on the polymer had an affinity for 
CO2. They also observed a sharp increase in the selectivity of CO2 with the number of GO layers 
deposited on the polyelectrolyte layer. More recently, Wong et al. [11] proposed an interfacial 
polymerization technique for embedding thin film nanocomposite and GO layers. At a loading of 
0.5 g/L of GO filler, a very high separation factor for CO2/N2 (41) and CO2/CH4 (25) were achieved 
with a comparatively low CO2 permeance of 92.4 GPU, as illustrated in Fig. 2.3c. Along with the 
preparation of MMM with a GO filler, some researchers have modified the GO filler properties by 
intercalating different MOF, such as UiO-66 [12-13], between the GO layers. The goal is to 
enhance the H2 separation performance of GO membranes by extending the gap between two GO 
layers, which results from the porous UiO-66-NH2 [12] and the reaction of the –NH2 group with 






Fig. 2.3. (a) O2/N2 gas selectivity comparison based on a Robeson plot from 2008 (LCP, liquid 
crystalline polymer; PSf, polysulfone; TR polymer, thermally rearranged polymer; PI, polyimide) 
[9]; (b) relationship between CO2 permeability and CO2/N2 selectivity for GO membranes in the 
dry state [GO 0, GO 10.5, GO 20.5, and GO 40.5 represent (PDAC/PSS)25.5, (PDAC/PSS)25(GO 
+ GO−)10.5, (PDAC/PSS)25(GO + GO−)20.5, and (PDAC/PSS)25.5(GO/GO)40.5, respectively] [10]; 
(c) comparison of the gas permeance of thin film nanocomposites when using a thin film composite 
as the baseline [11].  
 
2.5. GO Membranes for Organics and Hydrocarbon Separation 
At present, the major activity reported for the application of GO-based membranes for 
organic separation is organic solvent nanofiltration. Huang et al. [14] prepared a GO membrane 
on a ceramic hollow fiber by a vacuum suction method to separate water from organic compounds. 
They have demonstrated excellent water separation from a dimethyl carbonate/water mixture. At 
the feed side they had a 2.6 wt% of water in dimethyl carbonate/water mixture. When the mixture 
passed through the GO membrane, which was highly selective toward water. Therefore, at the 
permeate side, they have obtained a 95.2 wt% water content in the dimethyl carbonate/water 
mixture. Moreover, this filtration did not reduce the permeation flux, they have obtained a very 
large permeation flux of 1,702 g m2 h1 through their GO membrane. Recently, Yang et al. [15] 
prepared very thin (~10 nm) GO laminates containing smooth 2-D capillaries made from large GO 
   
                       (a)                                            (b)                                           (c)     
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flakes, which had organic solvent permeation and sieving properties. These membranes are 
suitable for organic solvent nanofiltration, which can be inferred by their >99.9% rejection of small 
molecular weight organic dyes dissolved in methanol. The authors have suggested the 
nanofiltration properties of GO membranes can be enhanced because of their cation crosslinking, 
although this needs to be verified experimentally. Moreover, Zheng et al. [16] recently investigated 
the mechanism of H2/CH4 separation through a GO membrane from molecular dynamics 
simulation. While determining the diffusivity of the gas molecules through the interlayer spacing 
of the GO membrane, they found that the size of the gas molecule and the nature of the interaction 
of the gas molecule with the GO play important roles. They also observed that with the increase 
of interlayer spacing of GO membrane, the H2 permeability increases at first and then decrease, 
whereas, the CH4 permeability always increases. 
Among the very few studies on the application of GO-based membranes for hydrocarbon 
gas separation, Qi et al. [17] prepared a GO membrane over PSSHF by the ED method. In their 
GO membrane fabrication process, they performed a slight reduction of the GO, which was 
detrimental to the durability and quality of the membrane. Pre-reduction of the GO can increase 
disorder in the membrane by weakening its dispensability, whereas post-reduction can lead to 
deformation of the membrane. Thus, they applied an in situ GO reduction approach by ED during 
membrane formation. Typically, in a dry state, GO layers have an interlayer spacing of 
approximately 0.43 nm. Because of this slight reduction, however, Qi et al. [17] obtained a reduced 
interlayer spacing of approximately 0.36 nm, which allowed molecules with a kinetic diameter of 
less than 0.39 nm to pass. The gas permeation in this case was dominated by Knudsen diffusion 
rather than molecular sieving, but it can provide a cutoff between the permeation of C2 and C3 
hydrocarbons. The ideal selectivity values for C2/C3 hydrocarbons are C2H4/C3H8 = 551, 
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C2H4/C3H6 = 319, C2H6/C3H8 = 332, and C2H6/C3H6 = 192. The gas separation performance of this 
strictly sieving GO membrane is presented in Fig. 2.4 and Table 2.1. The ideal selectivity between 
methane and propane for this ED-GO membrane is 1443.9, whereas the separation factor obtained 
from the binary gas mixture permeation is 234.7, which is reasonably good compared with the 
available membrane materials and their separation performance. 
Table 2.2 compares the performance of all the gas separation membranes discussed in this 
chapter, and shows that the GO-based membrane technology has the potential to overcome the 
limitation of sacrificing permeability to obtain better selectivity. Both nanocomposite GO 
membranes and supported GO membranes are promising options for achieving higher selectivity 
as well as higher permeability for the separation of relatively small gas molecules from a gas 
mixture. 
 
                                              (a)                                                                             (b)  
Fig. 2.4. Gas permeation performance of the ED-GO@PSSHF composite membrane: (a) single-
gas measurements of small gas molecule and light hydrocarbon permeation through the ED-
GO@PSSHF membrane (ΔP = 2 bar and room temperature); (b) separation performance of the 
ED-GO@PSSHF membrane for binary gas mixtures (volume ratio of the mixture is 1:1, ΔP is 2 
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aThe kinetic diameter of the responding molecules 
bThe separation factors obtained from the binary gas mixture permeation         
                                     
2.6. Challenges and Opportunities of Emerging GO Membrane Technologies 
Graphene oxide membranes can provide extremely high fluxes (i.e., at least 1 order of 
magnitude higher than the conventional materials) mainly because of their ultimate thinness. In 
addition, they can have high selectivity because of the molecular sieving or diffusion effect 
resulting from their narrow pore size distribution or their unique surface chemistry. Gas molecules 
can travel either through the defects in a GO layer generated during GO preparation or through the 
interlayer spacing between GO sheets. One of the most important characteristics of the layered GO 
membrane is the interlayer spacing between GO sheets, which can be tailored for optimal transport 
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of the desired molecules through the membrane. Graphene oxide membranes can be prepared and 
engineered in several ways, as summarized and briefly analyzed below. 
Graphene oxide-supported membranes can be prepared by a facile method through the 
deposition of GO on various support materials, such as a porous polymer, porous metal, or porous 
ceramic. They can provide enhanced gas separation performance while having reasonable 
mechanical stability. Proper selection of the membrane support materials, with due consideration 
of their porosity, thickness, thermal stability, wettability, and compatibility with the application 
environment, is critically important. Polyethersulfone is among the best flexible porous polymeric 
support materials identified in this review of literature. Porous stainless-steel substrates and porous 
ceramic membranes could also be used as suitable support materials for the fabrication of GO-
supported membranes. However, the relatively large thickness of these nonpolymeric support 
materials might pose a limit to the flux of gas transport through the membrane.  
The self-standing GO membrane concept was developed based on the target of achieving 
an ultrathin membrane. However, the main issue that needs to be resolved is the mechanical 
stability of self-standing membranes. 
Nanocomposite GO membranes, prepared by a composite of GO nanosheets and a suitable 
polymeric or inorganic membrane material, is one emerging technology used to develop 
membranes with higher permeability and higher selectivity beyond the upper bounds of existing 
polymeric and nanoporous membranes. The preparation of thin nanocomposite membranes might 
be challenging, considering the limits for preparing thin inorganic membranes with acceptable 
mechanical properties.  
Graphene oxide membrane in a dry state has an interlayer spacing of 0.43 nm, which can 
be further reduced by the controlled reduction and removal of oxygen functionalities, or can be 
26 
 
increased by intercalation with water or other molecules. This approach would enable the GO 
membrane to be tailored for specific gas separation applications. 
Based on the reported data on performance of GO-based membranes for gas separation 
applications, the GO-based membrane technology has the potential to overcome the limitation of 
sacrificing permeability to obtain better selectivity. Selecting the proper support materials (for GO-
supported membranes) or developing suitable composite materials (for GO-nanocomposite 
membranes) as well as innovative fabrication methods can lead to the development of high-
performing, robust GO membranes that can tolerate challenging process conditions (i.e., high 
temperature and pressure, corrosive conditions, and various humidity levels) while providing high 

















Summary of graphene oxide (GO) membrane performance for gas separation applications.a 
Type of GO 
membranes 
GO/supporting 






a. CO2/N2 selectivity: 20 [2] 
b. CO2 permeability: 






a. H2/CO2 selectivity: 
3,400 
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GO (~5 µm) H2 
separation 
CO2 permeability: <0.5 
barrer 
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GO (15–20 µm) H2 
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a. H2/CO2 selectivity: 
3,400 
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a. H2/CO2 selectivity: 
>383 
[8] 





a. CO2/N2 selectivity: 73 [4] 




a. CO2/N2 selectivity: 24 [9] 




a. CO2/N2 selectivity: 73 [10] 




a. H2/N2 selectivity: 9.75 [12] 
b. CO2 permeability: 6.1 
× 109 molm2s1Pa1 
TFN/GO CO2 
separation 
a. CO2/N2 selectivity: 41 [11] 







a. Ideal selectivity 
between methane and 
propane 1443.9 
[5] 
b. Separation factor of 
methane/propane from 
binary gas mixture 234.7 
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Table 2.2. (cont.) 
aPES, polyethersulfone; AAO, anodic aluminum oxide; PEI, polyethylenimine; PEO, 
poly(ethylene oxide); PBT, poly(butylene terephthalate); PDMS, poly(dimethylsiloxane); PDAC, 
poly(diallyldimethylammonium chloride); PSS, polystyrene sulfonate; UiO-66-NH2, 
functionalized zirconium-based porous metal–organic frameworks; TFN, thin film 
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CHAPTER 3: PREPARATION OF GRAPHENE-OXIDE MEMBRANE AND 
MEMBRANE TESTING SYSTEM 
 
3.1. Motivation: Conventional Preparation Strategies of Graphene-Oxide Membranes and 
Limitations 
Graphite oxide was first prepared by Brodie in 1859 [1] by oxidizing the powder graphite. 
Then in 1898, Staudenmaier improved Brodie’s method by adding KClO3 in multiple aliquots 
during the oxidation of graphite in a fuming HNO3 [2]. Later, Hummers proposed a modified 
method for oxidizing graphite by treating it with a water-free mixture of concentrated sulfuric acid, 
sodium nitrate, and potassium permanganate [3]. In 2010, Marcano et al. [4] proposed improving 
Hummers method by preparing GO in a safer way, whereby H2SO4/H3PO4 in a 9:1 volume ratio 
was used as a mixed acid with the strong oxidant KMnO4. Graphene oxide can be obtained by 
exfoliating graphite oxide through an ultrasonic treatment of GO powder in water, followed by the 
separation of fine colloidal GO sheets by centrifuge, filtration, or both. Note that GO can also be 
prepared by oxidizing the graphene prepared by the chemical vapor deposition method, although 
this is a more difficult and expensive option.  
Graphene oxide membranes are comparatively simple to prepare from the aqueous 
dispersion of GO powder because of surface energy of the high aspect ratio structure of GO. 
Several methods are used to prepare GO membranes, such as the filtration-assisted method, 
evaporation-assisted method, casting- or coating-assisted method, layer-by-layer (LBL) assembly 
method, templating method, and shear-induced alignment method. In the filtration-assisted 
method, GO membranes can be obtained by either vacuum or pressure-assisted filtration. The 
filtration-assisted method is widely used because of its ability to produce large-scale self-standing 
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GO membranes as well as easy control over the thickness and microstructure of the membranes 
by adjusting the concentration and volume of the GO solution. Dikin et al. [5] prepared large-scale 
self-standing GO membranes by using a flow-directed assembly method, and they showed that 
GO nanosheets are arranged together in a near-parallel way. Aside from the filtration-assisted 
method for GO membrane preparation, there exists other methods to fabricate GO membranes, for 
example, casting- or coating-assisted method, where strong hydrogen and Van der Waals bonding 
forces of individual GO nanosheets form the membrane. In coating-assisted method, there are 
several approaches to prepare GO membranes, such as drop casting, drop coating, dip coating (also 
known as the Langmuir–Blodgett [LB] approach), and spin or spray coating. 
For gas separation applications, in addition to the above-mentioned conventional GO 
membrane preparation methods, researchers have proposed minor modifications of the main 
conventional methods to obtain the desired thinness and enhanced gas separation performance. 
Kim et al. [6] prepared PES-supported ultrathin (3–10 nm) GO membranes by using two different 
approaches of the spin-coating method. In their first approach, before the spin-coating stage, they 
contacted the support membrane surface with the air–liquid interface of the GO solution, which 
created a multi-layer GO membrane over the PES membrane. In another approach, they adopted 
direct-drop spin-casting of the GO solution on top of the PES membrane, which provided highly 
interlocked GO thin layers. Similarly, Li et al. [7] modified the filtration-assisted method by using 
two different approaches to prepare ultrathin (~1.8 nm) GO membranes over an anodic aluminum 
oxide (AAO) support. In one approach, they prepared GO membranes by the vacuum filtration 
method and found that centrifugation and dilution of the GO dispersions were important 
parameters to control to obtain high-quality GO membranes. In the second approach, they prepared 
GO thin film composite membranes by dropping a constant volume of GO solution directly onto 
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a spinning polymer support, which resulted in a highly interlocked brick model with a relatively 
higher amount of intercalated water molecules between the GO layers. In another approach, Bouša 
et al. [8], using a gravitational assembly method, prepared self-standing thin GO membranes. 
Though ultra-thin self-standing and supported GO membranes are reported in the state-of-the-art 
literature, but precise control of interlayer spacing and GO flake size are challenging, which 
provides scope of advanced research. 
Here, we report a facile fabrication method of preparing supported GO-PES membrane and 
self-standing GO membrane. It has been observed that the size (lateral dimension) of the GO flakes 
directly influence the performance of the GO membrane. While exfoliating graphite-oxide powder, 
surfactants are found to be useful to reduce the GO flake size, which improves the stacking of GO 
flakes to form membrane. The flake size of the membrane is characterized by using scanning 
electron microscopy and laser particle size analyzer. Moreover, to control the interlayer spacing 
of the GO flakes in the membrane, we have adopted several approaches, such as partial thermal 
reduction of GO powder, in-situ chemical reduction of GO while preparing the membrane, 
controlled removal of moisture content using heating and applying low pressure, etc. 
 
3.2. Preparation of Graphene-Oxide Membranes for Gas Separation Application 
Graphene oxide (GO), an atomically thin monolayer of graphite oxide, is a corrugated 2-D 
carbon sheet that contains various oxygenated functional groups on its basal planes and at the 
edges. The thickness of monolayer GO is approximately 1 nm, whereas its lateral dimension may 
vary from a few nanometers to several micrometers. GO is functionalized with bulky oxygen-
containing groups, which results in higher interlayer spacing (~0.6–1.0 nm) of a stacked GO film. 
Because of the thinness and narrow interlayer spacing of layered GO membranes, they can provide 
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very high selectivity as well as rapid permeation in gas separation applications. Graphite oxide is 
prepared in our lab by oxidation of graphite powder following the well-known Hummers method. 
Graphene oxide (GO) can be obtained by exfoliating graphite oxide to GO through an ultrasonic 
treatment of graphite oxide powder in water, followed by the separation of fine colloidal GO sheets 
by centrifuge, filtration, or both (Fig. 3.1). 
 
3.2.1. Facile Preparation of Supported Graphene-Oxide Membranes 
We have prepared supported GO membranes by the filtration method. In the filtration 
method, GO membranes can be obtained by either vacuum or pressure-assisted filtration. The 
filtration method is widely used because of its ability to produce large GO membranes as well as 
easy control over the thickness and microstructure of the membranes by adjusting the 
concentration and volume of the GO solution. Graphene-oxide can be used as a membrane for gas 
separation application in three different forms, including supported GO membrane, self-standing 
GO membrane, and mixed matrix membrane. For the supported membranes, selecting the suitable 
support material is important to obtain the desired performance from the supported GO membrane. 
For our supported GO membrane preparation, we selected 0.2 µm polyethersulfone (PES) filter as 
a porous support material for GO deposition. PES has a smooth surface and is relatively 
hydrophilic (with water contact angle (WCA) of 45°±2°), which is important for homogenous GO 
coating. Moreover, PES is stable up to 130°C, which makes it suitable for high temperature 
operation.  
We have prepared several types of supported GO-PES membranes to characterize the gas 
separation performance of the membranes. First, we prepared several thick GO-PES membranes 
by filtering (pressure assisted filtration) various amount of GO solution (1mg/mL) (e.g.; 3 mL, 5 
35 
 
mL, 7 mL) through the membranes in order to fabricate GO membranes with different thicknesses 
of the GO film. Fig. 3.1 shows the steps involved during the preparation of GO membrane and Fig. 
3.2 shows the final GO-PES membrane with various GO loading. To illustrate the membrane 
preparation method (Fig. 3.1), 100 mg/100 mL of GO powder is dispersed in DI water, then the 
slurry was sonicated at 330 W using a probe ultrasonicator device (Fisherbrand 550). The GO 
solution was centrifuged at 10,000 RPM for 30 min to remove any large graphite oxide particles 
using an Eppendorf 5804 centrifuge. The GO solution was then filtered through a 1.5-µm glass 
fiber filter to remove the larger GO particles (GO flake clusters) from the solution, which can harm 
the layered formation of 2-D GO flakes. Different amounts of GO solution (3 mL, 5 mL, and 7 
mL) are then filtered through the PES substrate to prepare the GO-PES membranes with various 
loading. This resulted in GO membranes with different thicknesses. Membranes prepared with 
larger volumes of solution (e.g., GO-PES-7 mL in Fig. 3.2) appear to have a darker color. 
Second, in order to produce supported membranes with higher GO loading and more 
compact stacking, we attempted production of films using vacuum filtration (Fig. 3.3). Vacuum 
filtration method allows for production of higher loaded films as opposed to manual pressure-
assisted filtration because it creates layer by layer assembly of GO flakes because of the longer 
time required to filtrate the GO solution through the substrate. The compactness of the fabricated 
membranes by this method is evidenced by the low flow rate through the film, 3-5 cm3/min (ccm) 
of hydrocarbon gases, in spite of relatively high feed side pressure, 10-15 psi. In contrast, 
membranes prepared by the pressure-assisted method could not hold any pressure at a feed 
pressure of 0.2 psig. Our objective is to prepare membranes that can function under a reasonable 
pressure difference (e.g., 10-30 psig). Once we have a membrane that can resist sufficient amount 
of pressure, we can then modify the material (e.g., reduce particle size and change surface 
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chemistry by controlled sonication and by partial reduction) to control the selective permeation of 
individual gases. Fig. 3.3 presents several GO-PES membranes prepared in our lab using various 
GO solutions prepared by different sonication methods. The GO solutions, used for preparation of 
the GO membranes, are characterized using a laser scattering particle size analyzer to measure the 
mean particle size of GO flakes in the solutions. The mean particle size of GO particles in different 
solutions used for membrane fabrication is in the range of 1.2 µm to 9.3 µm.  
Finally, ultra-thin graphene-oxide membranes are prepared on PES substrates which 
possess better compactness in comparison with thick GO-PES membranes and self-standing GO 
membranes. To prepare the ultra-thin GO-PES membrane, 200 mg of commercial GO powder and 
600 mg of SDS surfactant is dispersed in 200 mL of DI water. This solution is sonicated for 1 hour 
at probe sonication power rating 6/10 (550 W) and centrifuged for 30 minutes at 10,000 rpm. Then, 
the centrifuged solution is collected from the top half of each vial. The centrifuged solution is kept 
still for more than a day so that the larger particles settle at the bottom. Then, 4.5 mL of the 
centrifuged solution in step-5 (collected from the top) is further diluted with 30 mL of DI water. 
This solution is settled for a day so that the larger particles settle at the bottom and we can collect 
the final solution from the top. To prepare first type of ultra-thin membranes, 1 mL/ 0.5 mL/ 0.2 
mL of the final solution (after diluting with additional 10 mL DI water, with a final concentration 
approximately ~0.01 mg/mL) is vacuum filtrated through PES membranes. The approximate 




Fig. 3.1. (a) Steps of the GO-PES membrane preparation from graphite-oxide powder. (b) 
Schematic illustration of GO membrane fabrication from graphite powder, Adapted from [2]. 
 
 
Fig. 3.2. GO-PES membranes prepared using different loading amounts of GO solution: (a) 3 mL, 












Fig. 3.3. GO-PES membranes prepared with syringe filtration (pressure-assisted filtration) and 
vacuum filtration approach 
The following is to provide the description of each membrane presented in Fig. 3.3 and solutions 
presented in Fig. 3.13: 
• SM01: Commercial Purchased GO (Batch-1) + 1 mg/mL Bath Sonication 2hr + 
Centrifugation 10000 rpm 30 min 
• SM02: Commercial Purchased GO (Batch-1) + 1 mg/mL Probe Sonication 1hr (repeated 
twice after a month) + Centrifugation 10000 rpm 30 min 
• SM03: Commercial Purchased GO (Batch-2) + 1 mg/mL Probe Sonication 1hr + 
Centrifugation 10000 rpm 30 min 
• SM04: Commercial Purchased GO (Batch-2) + 1 mg/mL Probe Sonication 2hr + 
Centrifugation 10000 rpm 30 min 
• SM05: Commercial Purchased GO (Batch-2) + reduction at 400°C at 1hr (40°C/min 
ramp) + 0.25 mg/mLProbe Sonication 1hr+Centrifuge 10k 30min 
• SM06: SM05 Residual + 30mg/120mL (30mL DI+90mL Ethanol) Probe Sonication 1 hr 
+ Centrifugation 10k 30 min 
• S03: Commercial Purchased GO (Batch-2) + 1 mg/mL Probe Sonication 1hr 
• S04: Commercial Purchased GO (Batch-2) + 1 mg/mL Probe Sonication 2hr 
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3.2.2. Fabrication of Self-standing Graphene-Oxide Membranes 
To fabricate the self-standing GO membrane in our lab, we have used a facile evaporation-
based membrane fabrication approach. GO slurry (100 mL DI + 300 mg GO) was sonicated with 
a ~300W probe sonicator for 1 hour. Then, 100 mL of sonicated GO slurry (containing 300 mg 
GO) was placed in the container over a PTFE film (9 cm dia), then placed in an oven for 20 hours 
at 60 °C to evaporate water. After water evaporation, a thin GO film with minor wrinkles and few 
radial cracks was formed. Finally, a piece of 25 mm diameter membrane without any visual defect 
was cut from the GO film. Fig. 3.4 shows the fabrication approach (Fig. 3.4a-3.4d) and flexibility 
testing (Fig. 3.4e) of lab-prepared self-standing GO membrane. Self-standing GO membranes are 
also commercially available. The gas separation performance of the commercially available 
membranes and the lab prepared membranes are compared in the subsequent section 4.2.   
 
Fig. 3.4. Fabrication approach and flexibility testing of lab-prepared self-standing GO membrane 
(a) GO slurry kept in the membrane preparation holder for drying. (b) Convection oven is set at 
temperature 50°C for drying the GO slurry. (c) Thin self-standing GO paper with 3.5 inch 
diameter. (d) Self-standing GO paper is cut into 1 inch piece for gas separation performance 





(a) (b) (c) (d) (e) 
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3.3. Characterization of Graphene-Oxide Membranes 
It is vital to properly characterize both the physical structural (size, shape, stacking manner, 
and defects in GO nanosheets) and chemical characteristics (chemical composition, type and 
density of chemical functionalities, etc.) of the GO membranes to understand and explain their 
observed gas separation performance. Furthermore, membrane characterization data is needed to 
confirm reproducibility of membranes prepared by different methods.  
Scanning electron microscopy (SEM), transmission electron microscopy (TEM), and 
atomic force microscopy (AFM) can provide information related to the uniformity, surface 
morphology, and surface roughness of the membrane, whereas X-ray diffraction (XRD), X-ray 
photoelectron spectroscopy (XPS), Raman spectroscopy, Fourier-transform infrared (FTIR) 
spectroscopy, WCA measurement, surface zeta potential (surface charge), and thermogravimetric 
analysis (TGA) can provide information about the chemical composition, surface functionalities, 
surface chemistry, and thermal stability. Laser scattering can be used for particle size analysis of 
the GO flakes in the GO solution. Some of these characterization methods are employed in this 
work for characterization of GO membranes.  
 
3.3.1. SEM Characterization of Graphene-Oxide Membranes 
The surface morphology of a GO membrane (i.e., surface texture and size or shape of the 
GO flakes) can be characterized by SEM. The PES support membrane and a membrane prepared 
by deposition of GO on PES support material (i.e., GO-PES) were analyzed by SEM using a 
Hitachi S4800 instrument (Fig. 3.5). SEM pictures show that the sizes of the GO flakes are uniform 
with an average size of approximately 1 µm, that is in agreement with our particle size analysis 
results and the expected particle sizes of the GO solution after filtration through a 1.5-µm filter. 
41 
 
To further confirm the shape and size of the GO flakes in the GO solution, we evaporated 1 mL of 
GO solution over a SiO2 wafer (i.e., GO-SiO2). The SEM image of evaporated GO solution 
illustrates the size and shape of the GO flakes (Fig. 3.5). From Fig. 3.5, we can also compare the 
SEM image of blank PES and GO-PES to conclude that all pores of the PES filter are covered with 
GO flakes. Moreover, with the SEM imaging, we have compared the flake size and stacking in lab 
prepared vs. commercial self-standing membranes. Top-view SEM images (Fig. 3.6) confirm that 
there are no pinholes or cracks in the lab-prepared self-standing GO membrane. Our observation 
from magnified SEM images is that the lab-prepared self-standing GO membrane has a 
comparatively rougher surface than the commercial self-standing GO membrane.  
 








Fig. 3.7. Cross-sectional SEM images of Supported GO-PES membranes with varying cutting 




Fig. 3.8. Detailed Cross-sectional SEM analysis of Supported thick GO-PES 5 ml membrane. The 
focus areas of each SEM image, identified by numbers1-8, are shown. 
 
Cross-sectional SEM can be used to characterize the thickness of the GO layer on top of 
the polymer substrate. Moreover, cross-sectional SEM can give the information about the quality 
of stacking of GO flakes in the supported membrane. Fig. 3.7-3.9 show the cross-sectional SEM 
analysis of few GO-PES membranes. It is to note that freeze cut (using liquid nitrogen) of the 
membrane is more efficient than scissor cut while preparing the sample for cross-sectional SEM. 
In the freeze cut, the membrane is immersed in liquid nitrogen for a short period of time, then the 
desired section is torn apart to get a damage free cross-sectional sample of supported GO 
membranes. From the cross-sectional SEM, we can measure that the commercial self-standing GO 
membrane has a thickness of ~40 µm (Fig. 3.9e), whereas lab-prepared self-standing GO 
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membrane has a thickness of ~25 µm (Fig. 3.9f). The ultra-thin membrane has a thickness in nm 
scale (Fig. 3.9b), whereas thick membrane has a thickness ~4 µm (Fig. 3.9d). 
 
 
Fig. 3.9. Thickness measurement using cross-sectional SEM images of (a) blank PES substrate (b) 
ultra-thin GO-PES membrane (c) thin GO-PES membrane (d) thick GO-PES membrane (e) 
commercial self-standing GO membrane (f) lab-prepared self-standing GO membrane. 
 
3.3.2. TEM Hi-resolution Imaging of Graphene-Oxide Membranes 
To measure the interlayer spacing, transmission electron microscopy can be used, which 
can characterize sub nanometer-scale features. To characterize the stacking of GO flakes as well 
as to measure the interlayer spacing, we have performed TEM analysis of thin (100 nm) cross-
sectional sample of supported GO-PES membranes. Fig. 3.10 presents the TEM images of a thin 




Fig. 3.10. TEM analysis of a 100nm cross-section of GO-PES 5 ml membrane. 
 
3.3.3. XPS Analysis of Graphene-Oxide Membranes 
Interlayer spacing is one of the key parameters influencing the gas separation performance 
of a membrane. We have adopted several controlled chemical/thermal reductions of the graphene-
oxide material to selectively remove oxygen functionalities and hence control the interlayer 
spacing of the GO membrane. To understand the level of oxidation, X-ray photoelectron 
spectroscopy is applied.  A summary of atomic composition of different graphene oxide powder 
and membrane samples is presented in Table 3.1. The XPS spectra of different powder and 
membrane samples of graphene-oxide are shown in Fig. 3.11. The C/O ratio indicates the quality 
of GO in the GO-PES membrane. For three tested thick GO-PES membranes with different 
amounts of GO loading the C/O ratio is similar (~2.7), which is expected because all the 
membranes were prepared using the same GO powder. XPS analysis shows a very small amount 
of nitrogen, which is originated from nitrate oxidizers used for preparation of GO powder. X-ray 
photoelectron spectroscopy analysis is also conducted on the thermally reduced GO powders (Fig. 
3.11). Both the lab prepared GO sample and the commercial GO sample contain approximately 
28~29% oxygen (atom %). For the commercial GO sample, reduction at 150°C at 1 hour does not 
considerably reduce the oxygen content (i.e., ~27% for the heat-treated sample compared to ~28% 
for the as-received sample). Reduction at 200°C at 1 h reduces the oxygen content to ~16%.  
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However, reduction at 400°C at 1 h (with both gradual (10°C/min) and abrupt (40°C/min) 
temperature ramp) reduces the oxygen content to 11~12% (Table 3.1).  
 
 
Fig. 3.11. XPS Survey Spectrum for supported GO membranes: (a) lab-prepared graphene-oxide 
powder, (b) commercial graphene oxide powder, reduced at 450°C for 1hr (10°C/min temperature 
ramp), (c) lab-prepared self-standing membrane, (d) commercial self-standing GO membrane, (e) 
thick GO-PES membrane 3 ml, (f) ultra-thin GO-PES membrane, (g) reduced ultra-thin GO-PES 







Table 3.1.  
XPS Analysis of different graphene-oxide powder and membrane samples. 
XPS Sample Details 
Atomic Composition (%) 
O C N Na S B Si 
Ultra-thin GO-PES-1 (with surfactant) 22.67 55.05   2.94  18.93 
Ultra-thin GO-PES-2  (with surfactant) 20.01 56.6 1  3.47  18.91 
Ultra-thin Vacuum treated GO-PES  (with 
surfactant) 
24.05 66.34 3.56 0.16 2.95 1.03 1.57 
Ultra-thin Plasma treated GO-PES  (with 
surfactant) 
17.45 71.36 2.33  5.13 2.82 0.9 
Ultra-thin Reduced GO-PES  (with surfactant) 30.7 60.61 0.7 1.21 0.49 1.42 4.69 
Blank PES 23.15 70.69   3.69 2.48  
Commercial GO membrane 26.81 72.18 0.55  0.47   
H2S exposed commercial GO membrane 16.04 74.23 1.88  7.85   
Lab prepared self standing GO membrane 22.58 77.42      
Thick GO-PES without surfactants 20.95 72.39     6.66 
Thick GO-PES with surfactants 21.4 77.42 0.18 0.65    
Thick GO-PES thermally reduced GO powder 15.73 80.44     3.83 
 
3.3.4. Raman Spectroscopic Analysis of Graphene-Oxide Powder 
As graphite-oxide powder, used for membrane fabrication, is prepared in the lab by using 
chemical oxidation of graphite powder in Hummers method [3]. Raman spectroscopy can be used 
to characterize the material. In Raman spectra, the G band is the first-order Raman band of all sp2 
hybridized carbon materials and the D band is a defect activated band in sp2 hybridized carbon 
materials.  Raman spectroscopy characterization of our lab-prepared GO powder confirms the D 
and G bands at around 1350 cm-1 and 1590 cm-1, which is very close to the literature data. The 
ID/IG ratio is smaller than those reported in the literature (Fig. 3.12), which suggests better quality 




Fig. 3.12. Raman spectroscopy of GO powder prepared in the laboratory. 
 
3.3.5. Particle Size Analysis of Graphene-Oxide Solution 
Smaller particle size (average lateral dimension of GO flakes size) can ensure better 
stacking of the GO flakes to form a membrane and hence obtain selective gas separation 
performance. It is necessary to obtain the particle size distribution of the GO sheets in the GO 
solution (i.e., fine colloidal slurry) that is prepared for GO membrane fabrication. Several GO 
solution samples were obtained from different steps of preparing the GO membranes (Fig. 3.13), 
and analyzed using a Horiba laser scattering particle size distribution analyzer (LA-950V2). The 
particle size distribution data shows that the GO particle size varies from 1~10 µm based on the 






Fig. 3.13. Particle size distribution of GO solutions used for membranes fabricated in Fig. 3.3. 
The mean particle size of different samples are: 1.2 µm for sample SM02 (a), 9.3 µm for sample 
SM05 (b), 4.5 µm for sample S03 (c), 4 µm for sample SM03 (d), 4.5 µm for sample S04 (e), and 
3 µm for sample SM06 (f). 
 
3.4. Design and Fabrication of the Membrane Testing System 
3.4.1. Design and Fabrication of the Testing Equipment  
We have designed a membrane testing system to test the performance of GO membranes 
for gas separation (Fig. 3.14). The membrane performance is characterized in terms of 
permeability and selectivity. The permeability is measured by measurement of gas flux through 
the membrane, while the selectivity is measured by measurement of the gas composition in the 
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feed and permeate sides of the membrane. The membrane system is designed for testing the GO 
membranes at a temperature range of 25-200 °C, at pressure ranging from near atmospheric to 100 
psig pressure, using a mixture of hydrocarbons in the absence or presence of moisture.  
The gas preparation section of the system consists of methane, propane, and n-butane gas 
cylinders and associated regulators, valves, gauges, and mass flow controllers (MFCs). This 
section provides the desired flow of the mixed gas with the desired composition for testing the 
membranes. Injection of precise amounts of hydrocarbon gases are controlled with MFCs and 
mixed together first in a 0.25-in-diameter manifold, then in a 0.75-in-diameter mixer (Fig. 3.14). 
The mixed gas is sent to a coil (placed in a convection oven) to increase the gas temperature from 
the ambient temperature to the desired testing temperature. Moisture is added to the heated gas by 
bubbling the gas through water placed in a stainless steel container (humidifier) placed inside the 
convection oven. A filter is placed at top of the humidifier to remove the fine water droplets from 
the exiting gas stream.  
The mixed gas containing the hydrocarbon mixture and moisture passes through the feed 
side of the membrane. As shown in Fig. 3.14, the membrane holder is also placed inside the 
convection oven, set at the desired testing temperature. The pressure of the feed gas stream is 
controlled by a backpressure regulator located at the exit stream of the feed gas from the membrane 
holder. The pressure of the gas after the backpressure regulator drops to near atmospheric pressure. 
The gas exiting the oven will also cool to a near ambient temperature.  Therefore, a water separator 
is included to separate the condensed water from the wet hydrocarbon gas. Gas is sampled from 
the feed gas stream using a manually operated airtight syringe from a sampling port located after 
the water separator. The sampled gas is analyzed with a gas chromatograph (GC) that will be 
discussed later. The feed gas is finally send to a burner placed inside a ventilated hood. 
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He is used as the sweeping gas for the permeate side of the membrane. He is also heated to 
the desired temperature in the convection oven, then sent to the permeate side of the membrane. 
Similar to the feed side, He pressure on the permeate side is controlled by a backpressure regulator. 
Total flow rate of helium and the gas permeated through the membrane is measured by a mass 
flow meter (MFM) located after the backpressure regulator on the permeate line (Fig. 3.14). Gas 
samples can be also collected from a sampling port on this line.  We have assembled all the 
components of the membrane testing system, such as membrane holder, MFC, MFM, humidifier, 
dehumidifier, valves, convection over, pressure gauges, etc. System components are installed on a 
transportable custom-made cart (Fig. 3.15).  
 
Fig. 3.14. Schematic diagram of the membrane testing system designed for testing GO membranes 





Fig. 3.15. Photographs of the membrane testing system: membrane holder is placed inside the 
convection oven. 
 
3.4.2. Development of the Membrane Testing Method 
Each experiment starts with flowing methane, propane, and butane gases through MFCs 
which are set to provide the desired gas composition (e.g.; methane 80 wt%, propane 10 wt%, and 
butane 10 wt%) and flow rate (e.g.; 200 ccm). At the same time, permeate side is swept with He 
gas, which is controlled by using another MFC at a set value (e.g., 200 ccm). The flow through the 
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feed side (hydrocarbon mixture) and permeate side (He) is continued for 20 minutes to clean the 
lines. After that, the desired conditions of the experiment are set by controlling the sweep gas flow 
rate and by controlling the feed side pressure using a back pressure regulator. For each condition 
to be stable, the system is run for 15 minutes before taking the gas samples for GC analysis. Gas 
samples are collected from both permeate and feed sides by gastight glass syringes and quickly 
analyzed by GC. Additionally, the flow rate of gas streams entering and exiting both feed and 
permeate sides of the membrane holder are monitored. The gas flow rate and composition data 
enable us to perform a total and component mass balance for the system and precisely measure the 
gas flux and selectivity of each tested membrane. To test the membranes, at first, the membrane is 
installed in the membrane holder with a rubber seal and a soft-polymeric ring support to protect 
the membrane from damage. The MFCs at the feed side are set to desired calibrated values based 
on the required composition of each hydrocarbon gas and allow the gas to flow for 20 minutes to 
clean the feed side and to stabilize the composition. The He sweep gas tank is opened and 200 ccm 
of gas is flown using another MFC in the permeate side for 20 minutes to clean out the permeate 
side. At this point, the desired experimental condition is obtained by varying the gas flow rate and 
controlling the back pressure regulator, and the system is allowed 15 minutes to stabilize at each 
experimental condition. For each data point, two gas samples are collected from both feed and 
permeate outlets to analyze the composition. The flow rates in both feed and permeate inlet and 
outlets are recorded for confirming the mass balance of the experimental setup. Two or 3 data 






3.4.3. Preparation of the GC Column and Method Development 
A GC instrument (Shimadzu GC 2014) equipped with a flame ionization detector has been 
purchased and installed in our laboratory (Fig. 3.16). The GC has been calibrated with the vendor 
standard samples. Moreover, we verified the GC performance by analyzing a hydrocarbon gas 
mixture ((methane (80 wt%), propane (10 wt%), butane (10 wt%)) that we prepared using our gas 
preparation section of the membrane testing system (Fig. 3.15). The GC is extensively used for 
analysis of samples collected from the membrane testing system. 
To remove the residual volatile impurities from the GC column, the column was heated at 
150 °C for 36 hours. Before cleaning the column, the baseline with ‘He’ carrier gas was inclined. 
Whereas, after cleaning the column, the baseline of the chromatograph became flat. Our current 
sample analysis objective is to analyze the composition of a gas mixture consisting of methane, 
propane, and butane. Therefore, we developed the following optimized method (i.e., recipe) for 
this analysis: 
 Injector temperature: 180°C 
 He (Carrier Gas) flow rate: 7 mL/min 
 Column initial temperature: 120°C 
 Rate of Increase in column temp: 40°C/min 
 Column final temperature: 200°C 
 Detector temperature: 220°C 
Based on the above method, the obtained retention times for our target gases are: 
 Methane: ~1.2 min 
 Propane: ~3.0 min 
 Butane:   ~4.6 min 
55 
 
The optimized recipe for GC was obtained when clear well-shaped peaks for methane, 
propane, and butane were identified (Fig. 3.17). The optimized recipe provides excellent 
repeatability of the data and the sharp vertical peaks provide high precision while measuring the 
composition of gas mixture. The feed side composition for the gas separation testing was kept at 
80 wt% methane, 10 wt% propane, and 10 wt% butane using the mass flow controller. The 
composition was verified using the GC. 
Proper selection of sweep gas for the gas separation testing experiment is significant. 
Argon or He were tested as sweep gas for the permeate side of the membrane testing system. When 
argon is used, the GC baseline becomes inclined, which affects the accuracy of the measurement. 
When He is used, the baseline is flat. It agrees with the literature, where it is suggested that the 
carrier gas of GC (He in our case) and the sweep gas of the membrane testing need to be same for 
more accurate results (Fig. 3.18). 
 
Fig. 3.16. Photograph of the GC instrument (Shimadzu GC 2014) with the required gas tanks 





Fig. 3.17. An example of the gas chromatograph obtained from analysis of the hydrocarbon gas 
mixture from the feed side. The measured composition is: Methane: 80.12 wt%, Propane: 9.28 
wt%, Butane: 10.60 wt%. 
 
Fig. 3.18. Impact of the carrier gas in the membrane permeate side on the hydrocarbon analysis 
results: (a) Argon used as a sweep gas in the permeate side (inclined baseline), (b) He used as a 
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CHAPTER 4: CHARACTERIZATION OF GAS SEPARATION PERFORMANCE OF 
GRAPHENE-OXIDE MEMBRANE 
 
4.1. Mechanism of Gas Transport Through Graphene-Oxide Membranes 
 
Conventional membranes can be classified into three major groups: dense, porous, and 
asymmetric membranes. Gas transport through a dense membrane can be described by the solution 
diffusion mechanism. This mechanism involves three primary steps: adsorption at the upstream 
(feed) boundary, activated diffusion through the membrane, and desorption on the downstream 
(permeate) side. The gas transport mechanisms through a porous membrane include Knudsen 
diffusion, capillary condensation, surface diffusion, laminar flow, and molecular sieving. The 
contribution of each of these mechanisms varies depending on the properties of the membrane, the 
properties of the gases, and the operating conditions. In the Knudsen diffusion mechanism, the gas 
permeation rate varies inversely with the square root of the molecular weight of the gas, whereas 
in molecular sieving, only the molecules having a diameter smaller than the pore size of the 
membrane can permeate, which results in a very high separation factor between the smaller and 
larger gas molecules [1]. Asymmetric membranes are combinations of dense and porous 
membranes and consist of a thin, dense barrier layer to provide selectivity and a thick, porous 
substrate layer to provide physical support to the membrane [1]. Different mechanisms of gas 




Fig. 4.1. Diffusion mechanisms: (a) bulk flow through pores; (b) Knudsen diffusion through pores; 
(c) molecular sieving; (d) solution diffusion through dense membranes. Adapted from [2].  
 
Gas molecules are transported through GO membranes through nanochannels between the 
layered GO sheets or through holes created by defects on the GO surface. Several oxygen 
functional groups (e.g., hydroxyl, carboxylic) that are attached to the graphene sheets are 
responsible for the relatively large interlayer spacing in the GO film. These groups tend to cluster, 
leaving a large percolating region of graphene sheet unoxidized. Therefore, the GO laminates are 
likely to have empty spaces formed between unoxidized regions of graphene sheets, forming a 
network of pristine graphene capillaries within the GO film. Fig. 4.2 illustrates layered GO 
membrane with functionalized pore entrances. Li et al. [3] speculated that selective structural 
defects in the GO flakes, rather than the interlayer spacing of the GO flakes, provide the major 
transport pathways for small gas molecules in a GO film. Kim et al. [4] reported that GO 
membranes are permeable to small gases, even in a dry state, when sufficient transmembrane 
pressure is applied to overcome the energy barrier to pore entry and diffusion within the pores. 
The following sections report the gas transport mechanism and gas separation performance of 




Fig. 4.2. Simplified schematic diagram of a layered GO membrane structure with functionalized 
pore edges. Adapted from [5].  
 
4.2. Characterization of Gas Separation Performance of GO Membrane 
The separation of hydrocarbon gas mixture is significant in petroleum refining and natural 
gas processing applications. Membranes can provide an energy intensive solution to separate 
component gases from a hydrocarbon mixture. To characterize GO membranes, we evaluated the 
gas separation performance of the membrane to selectively separate a hydrocarbon mixture of 
methane, propane, and butane. Separation performances of the GO membranes are evaluated. The 
individual properties of methane, propane, and butane are presented in Table-4.1. Considering that 
the kinetic diameter of methane (0.38 nm) is significantly lower than those of propane (0.43 nm) 
and butane (0.47 nm), methane can be effectively separated from the other larger hydrocarbons by 
a molecular sieving effect. In contrast, the heavier hydrocarbon (butane) can be separated from the 
other lighter hydrocarbons (methane and propane) by an adsorption-desorption based gas 
separation mechanism. We can tailor the mechanism that dominates gas separation in GO 










4.2.1. Gas Separation Performance of Self-standing GO Membrane 
Because commercial self-standing membranes are approximately ~40 µm thick, which 
doesn’t allow any permeation through the membrane at near atmospheric feed pressure. To 
evaluate the gas separation performance of self-standing GO membrane, the first test was 
conducted at 12 psig pressure (Fig. 4.3) on the feed side and atmospheric pressure on the permeate 
side, using a commercial self-standing GO membrane sample (Membrane # 2). The permeate side 
was thoroughly purged with helium before starting the experiment for complete removal of 
residual hydrocarbons. No measurable gas flow rate was observed in the permeate side, indicating 
that the membrane is almost impermeable to the hydrocarbon gases. However, GC analysis of the 
gas samples collected from the permeate side over the 250 min testing period showed a relatively 
stable and consistent hydrocarbon gas composition of ~30% butane, ~25-30% propane, and ~40-
45% methane. This permeate gas was accumulated slowly due to the adsorption-desorption based 
gas transport mechanism of carbon based material. The feed composition was also confirmed at 
the beginning and end of the experiment as 80% methane, 9-10% propane, and 10-11% butane. 
These results confirmed the selective separation of heavier hydrocarbons (i.e., propane and butane) 
by the GO membrane. Transport of hydrocarbon gases through the GO membrane is confirmed 









Density (kg/m3) 0.657044 1.80272 2.455 
Solubility in water 
(mg/L) 
22.7 47 61 




detection limit of our mass flow controller that is about 0.3 ccm. The transport of small amount of 
gas through the compact GO membrane at 12 psig ΔP condition can be explained by the adsorption 
mechanism. The hydrocarbon gases are adsorbed onto the GO membrane on the feed side at higher 
pressure and desorbed from the permeate side that is kept at a lower pressure. The adsorption based 
separation is favored toward butane and propane, i.e. butane>propane>methane. The result agrees 
with the reports in the literature, where activated carbon is used for natural gas purification 
application.  
Testing on commercial GO membrane was repeated with a feed pressure of 15 psig in order 
to substantiate the membranes selective transport of butane.  Experimental procedure was modified 
in that the backflow regulator on the permeate side was closed allowing accumulation of passed 
hydrocarbons allowing us to better quantify the selective properties of the GO membrane.  Similar 
to the 12 psig test, no measurable amount of gas permeation through the membrane was observed 
(Fig. 4.4). Sampling on the permeate side showed a gas composition of ~55% butane, ~25% 
propane, and ~20-25% methane that indicates a higher selectivity for butane separation at 15 psig, 
compared to the 12 psig experiment. Overall, the results obtained from the 15 psig experiment are 
consistent with the 12 psig experiments results indicating the selectivity toward butane and 
propane. Elevating the operating temperature (70°C) can enhance the selectivity (Fig. 4.5) because 
the rate of adsorption and desorption of heavier hydrocarbons enhances with the increase of 
temperature. Fig. 4.5 shows that at an elevated operating temperature, methane composition in the 
feed side (~25%) decreases significantly in the permeate side (~3-7%) indicating that the 





Fig. 4.3. Separation performance by analyzing the permeate side composition of commercial self-
standing GO Membrane #2 at 12 psig feed pressure. Gas composition (wt%) is shown by bar graph 
corresponding to the left Y-axis. Permeate flow rate is shown by the yellow line on the graph 
corresponding to the right Y-axis. 
 
Fig. 4.4. Separation performance by analyzing the permeate side composition of commercial self-
standing GO Membrane #3 at 15 psig feed pressure. Gas composition (wt%) is shown by bar graph 
corresponding to the left Y-axis. Permeate flow rate is shown by the yellow line on the graph 




Fig. 4.5. Separation performance by analyzing the permeate side composition of commercial self-
standing GO Membrane #3 at 15 psig feed pressure at an elevated temperature 70°C. Gas 
composition (wt%) is shown by bar graph corresponding to the left Y-axis. Permeate flow rate is 
shown by the yellow line on the graph corresponding to the right Y-axis. 
 
We performed additional testing with a similar self-standing GO membrane (Membrane 
#4) at an elevated feed pressure of 30 psig. The objective of this test was to obtain a measureable 
amount of gas flow through the GO membrane by forcing the gas through the membrane at a higher 
pressure. A perforated disc was used to support the membrane, in the membrane holder, in such a 
way that the feed pressure was pressing the membrane against the perforated disc, therefore 
avoiding the membrane rupture. The feed gas contained 39% methane and 61% propane. Butane 
was excluded, because the vapor pressure of butane at room temperature (i.e., ~29 psig at 19 ºC) 
is below the pressure of the experiment, therefore, butane cannot be added to the gas mixture from 
the butane tank. 
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A measurable gas flow of ~0.4 ccm through the GO membrane was observed when the GO 
membrane was tested at 30 psig feed pressure and a near atmospheric permeate pressure (Fig. 4.6). 
The gas analysis results of the sampled gas from the permeate side suggest a small selectivity 
toward methane, as the methane concentration changed from 39% in the feed to 41% in the 
permeated gas. This observation suggests that the dominant separation mechanism through the 
tested GO membrane at elevated pressure is the molecular sieving that is preferential toward 
smaller methane molecules. A much higher selectivity toward significantly larger molecules (e.g., 
butane or larger hydrocarbons) is expected if the hydrocarbon gas separation is conducted at higher 
temperatures (such as Fig. 4.5) and elevated pressure using a feed gas containing heavier 
hydrocarbons. We continued testing the same GO membrane at a higher feed pressure of 50 psig 
(Fig. 4.7). As expected, a higher degree of gas permeation through the membrane is observed when 
the feed gas increased from 30 to 50 psig, however separation selectivity toward methane remains 
the same (Figs. 4.6 and 4.7). 
It is notable that the adsorption-desorption mechanism with selectivity toward heavier 
hydrocarbons, that was observed in the 12-psig and 15-psig tests, still occurs at pressures higher 
than 30 psig. However, the molecular sieving mechanism that is selective toward methane is the 





Fig. 4.6. Separation performance by analyzing the permeate side composition of commercial self-
standing GO Membrane #4 at 30 psig feed pressure. Gas composition (wt%) is shown by bar graph 
corresponding to the left Y-axis. Permeate flow rate is shown by the yellow line on the graph 
corresponding to the right Y-axis. 
 
Fig. 4.7. Separation performance by analyzing the permeate side composition of commercial self-
standing GO Membrane #4 at 50 psig feed pressure. Gas composition (wt%) is shown by bar graph 
corresponding to the left Y-axis. Permeate flow rate is shown by the yellow line on the graph 
corresponding to the right Y-axis. 
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4.2.2. Gas Separation Performance of Thin GO-PES Membrane 
We have fabricated and tested several GO-PES and GO-AAO membranes for hydrocarbon 
gas separation performance. The membranes prepared using pressure-assisted filtration are highly 
porous. As a result, at a very small feed pressure (0.2~1 psig), almost all the feed side gas 
permeates through the membrane (flow rate at the feed inlet and permeate outlet are same as 35 
ccm) without providing any selectivity. Fig. 4.8 presents the individual gas permeation test of 
methane, propane, and butane through one of the GO-PES membranes prepared by the pressure-
assisted method. The maximum ΔP that we could reach is 0.11 psig for this membrane (because 
membrane is highly porous). As we can see in this pressure range, all the gases (methane, propane, 
butane) are permeating at approximately the same rate. So, it eliminates the possibility of 
molecular sieving mechanism for gas separation through membranes prepared using pressure 
assisted filtration. Single-gas permeation results are consistent with the separation results from the 
testing of feed gas mixture of 80 wt% methane, 10 wt% propane, and 10 wt% butane. Multiple 
testing results of a GO-PES membrane are shown in Fig. 4.9, indicating no significant selectivity 
of the membrane toward methane, propane, or butane.  
We tested the GO-PES membrane using a helium sweep gas method, in which helium gas 
is flown on the permeate side, as opposed to remaining stagnant in earlier tests. Both feed and 
permeate sides are kept at a near atmospheric pressure. Test results, of the identical supported 
membrane prepares using pressure assisted filtration method, using a sweep gas method suggest a 
preferential selectivity toward butane and propane (Fig. 4.10). We also performed an accurate mass 
balance of feed and permeate streams by measuring the inlet and outlet flow rates and observed 
that about half of the helium gas flown in the permeate side is permeated to the feed side. The 
measured amount of helium outlet from the permeate side is ~10 ccm that is about half of 20 ccm 
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helium inlet to the permeate side. The GC analysis of the samples collected from the permeate side 
show clear peaks for methane, propane, and butane. However, the inclination of the GC baseline 
suggests a very low concentration of hydrocarbons in the sampled gases. 
A comparison of the two above test results shown in Figs. 4.9 and 4.10 shows that for near 
atmospheric tests, a helium sweep gas creates a favorable condition for selectivity toward butane 
and propane. To determine if the observed result is the effect of the GO membrane or the helium 
gas flow, we performed similar experiments with a blank PES membrane. Sweep gas testing results 
indicate that the blank PES filter without any GO coating shows a similar separation as the GO-
PES membrane (Fig. 4.11). These results suggest that observed selectivity toward heavier 
hydrocarbons (i.e., butane and methane) in helium sweep gas tests are likely due to the counter-
current flow effect of helium gas when is passing through the membrane in as opposite direction 
to the flow of the feed gas through the membrane. Helium is a very light gas and helium molecules 
are less effective at slowing the flow of heavier hydrocarbons (i.e., butane and propane) than 
methane in a counter-current flow system. A stream of helium gas is obstructing the smaller 
molecules (methane) more than the larger gas molecules (butane) and hence we are seeing the 
butane-favored separation in helium sweep gas condition. The blank PES test supports the above 
hypothesis. Even for a long time (~6 h), we could see the similar results from the blank PES 
membranes as GO-PES membranes. It should be noted that for the GO-PES membranes, because 
of the GO coating, the adsorption-desorption mechanism that is also favorable toward heavier 




Fig. 4.8. Testing of GO-PES membranes (3ml loading): Individual gas permeation. 
   
   
Fig. 4.9. Testing of GO-PES membranes (3ml loading) for hydrocarbon gas separation 
performance without sweep gas. 
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Fig. 4.10. Testing of GO-PES membranes (3ml loading) for hydrocarbon gas separation with 
helium sweep gas. 
        
Fig. 4.11. Testing of blank PES membranes for hydrocarbon gas separation with/without helium 
sweep gas. 
 
4.2.3. Gas Separation Performance of Ultra-thin GO-PES Membrane 
Ultra-thin membranes are more compact than the commercial self-standing GO membranes 
or thin GO-PES membranes prepared in our lab. Ultra-thin membranes are transparent, whereas 
the self-standing or thin GO-PES membrane has a dark black color. The approximate amount of 
GO content in each ultra-thin membrane is 0.02~0.1 mg (or less). Several ultra-thin membranes 
have been tested; at 30 psig. Ultra-thin membranes don’t permeate any measurable flow to the 
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permeate side. Whereas, at 30 psig, both commercial and thin GO-PES membranes permeate 1~5 
ccm of hydrocarbon gas to the permeate side. A column of water (~50 ccm) can easily pass through 
the ultra-thin membranes, but, no hydrocarbon gas can pass at a high pressure (~30 psig). We have 
experimentally observed that the ultra-thin GO membranes provide unimpeded permeation of 
water, but can block the transport of gas molecules, such as nitrogen, methane, propane, butane, 
etc. Nair et al. [6] reported a similar observation, where the permeation rate of water is significantly 
faster (1010 times) than that of He because of the low-frictional flow of a monolayer of water 
through the 2-D capillaries formed by closely packed 2-D sheets [6]. The edges of GO are 
hydrophilic in nature, whereas the planes are hydrophobic, which provides a very rapid permeation 
of water through multilayered GO membranes. Ultra-thin membranes are tested under both wet 
and semi-dry conditions. The tests confirm that the membranes are impermeable and can hold high 
pressure at both conditions. However, as the ultra-thin membranes dry out, it loses the stacking of 
the GO flakes resulting in a partially porous GO-PES membrane. This behavior repeats for almost 
all the GO-PES membranes prepared in our lab, indicating that moisture content is an integral part 
of structural formation of the GO membrane. Water molecules can provide the clustering between 
GO flakes, when removed by drying, they create partial pores in the membrane and hence provide 
possibility to control the moisture content to have selective pores toward the target gas. Controlled 
heating and vacuum treatment can create partial pores in the compact ultra-thin GO-PES 
membrane resulting in a semi-permeable membrane toward the hydrocarbon gases. However, this 
semi-permeable ultra-thin GO-PES membrane shows similar separation behavior as thin GO-PES 
membranes with a minor selectivity toward smaller hydrocarbon molecules (methane) (Fig. 4.12) 




Fig. 4.12. Testing of ultra-thin GO-PES membranes for hydrocarbon gas mixtures separation 
(methane/propane, methane/propane/butane) performance at 5~8 psig feed side pressure and 
atmospheric permeate side pressure. 
 
4.3. Partial-reduction and H2S Exposure Graphene-Oxide Membranes 
One of the most important characteristics of the layered GO membrane is the interlayer 
spacing between GO sheets, which can be tailored for optimal transport of the desired molecules 
through the membrane. The interlayer spacing of the GO membrane can be reduced by the 
controlled reduction of GO to partially remove the bulky oxygen functionalities. Nair et al. [6] 
performed GO membrane annealing at 250 °C in a hydrogen–argon atmosphere to reduce the 
interlayer spacing from 1.0 to 0.4 nm, which had a remarkable effect on the gas transport behavior 
of the membrane. Li et al. [3] performed a reduction of their GO membrane to effectively narrow 
the interlayer spacing and limit the permeation of specific molecules. More recently, Qi et al. [7] 
developed a partially reduced GO membrane that can produce a molecular sieving effect because 
of the reduced interlayer spacing between GO flakes.  The interlayer space of the GO membrane 
can also be increased by intercalation of different ions [8-11].  Kim et al. [4] obtained a permeable 
and highly selective GO membrane after performing a simple heat treatment at 140 °C. The 
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thermal annealing caused the formation of irreversible pores, possibly due to removal of water 
molecules, which made the GO active layers more porous.  
We have adopted several thermal/chemical approaches to perform a controlled reduction 
of the GO powder and the GO membranes. To thermally reduce the membranes, we have treated 
GO powders at different temperatures (150°C, 200°C, 400°C) for 1 hour with different temperature 
increase ramp (40°C/min, 10°C/min). The amount of reduction is measured by using X-ray 
photoelectron spectroscopy (Table 4.2) and their gas separation performances (Fig 4.13-14) at 
room temperature and elevated operating temperature are also evaluated. To prepare chemically 
reduced GO membrane, GO powder is dispersed in DI water at 1mg/mL concentration with sodium 
dodecyl sulfate surfactant (3X amount of GO). This GO solution is the sonicated for 3 hr with the 
resultant particle size of 3 µm. 40 mL of GO solution (1 mg/mL in DI water) is adjusted to pH of 
10.7 by using sodium carbonate. At pH of >10, 20 mg of sodium borohydride is added to the GO 
solution. The resultant solution is stirred at room temperature for 1 hr. Because of the 
agglomeration of dispersed GO due to reduction, the average particle size of the reduced GO 
solution (6 µm) is larger than the non-reduced GO solution (3 µm). From the characterization of 
gas separation performance of the chemically reduced ultra-thin GO membrane, we can observe 
that the membrane has minor selectivity towards smaller hydrocarbon. Because of the reduction, 
the pore sizes (interlayer spaces) become smaller. This smaller pore size creates a molecular-
sieving effect, which corresponds to the minor selectivity of the reduced GO membrane. At an 
elevated temperature (Fig. 4.14), the adsorption-desorption based separation is more dominant 
over the molecular-sieve effect, which is observed from the higher concentration of heavier 
hydrocarbon gas (butane) in the permeate side. 
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As the GO membrane is developed for the purpose of separating a hydrocarbon gas 
mixture, this membrane has a potential application in petroleum refining and natural gas 
processing industry, where presence of H2S gas in the hydrocarbon gas mixture is common. We 
have tested the structural stability and composition change of self-standing GO membrane by 
exposing the membrane with pure H2S gas (~2 psig) for 4 days (Fig. 4.15). The composition 
change of the GO due to H2S exposure is discussed further in Section 2.2.2. Upon H2S exposure, 
approximately 40% of oxygen functionalities are replaced with sulfur (Table 4.3), resulting in 
possible weight increase, as confirmed by weight measurement. 
 




Fig. 4.14. Testing of lab-prepared thermally reduced GO-PES membrane at an elevated 
temperature 70°C. 
 
Fig. 4.15. Effect of pure H2S exposure on the structural and chemical integrity of commercial self-
standing GO membrane. (a) Testing apparatus. (b) GO membrane before H2S exposure. (c) GO 







Table 4.2.  






Heating rate from 
ambient to set 
point (°C/min) 
O (atom %) C (atom %) 
Graphene-Oxide (GO) 
(Lab Prepared) 
- - - 28.53 70.13 
Graphene-Oxide (GO) 
(Commercial) 
- - - 29.16 68.32 
GO Reduced at 150 ºC  150 1 10 26.93 71.08 
GO Reduced at 200 ºC 200 1 10 15.76 82.26 
GO Reduced at 400 ºC 400 1 10 11.74 87.89 
GO Reduced at 400 ºC 
(High Heating Rate) 
400 1 40 12.80 87.20 
 
Table 4.3.  
Composition analysis of GO membrane after exposing it to pure H2S gas for 4 days. 
XPS Sample Details Atomic Composition (%) 
O C N S 
Commercial GO membrane 26.81 72.18 0.55 0.47 
H2S exposed commercial GO membrane 16.04 74.23 1.88 7.85 
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